over the same transects to also calculate "instantaneous" isoprene fluxes with localization of 24 both frequency and time independent of non-stationarities. Fluxes were generally measured 25 by flying consistently at 400 m ±50 m (a.g.l.) altitude, and extrapolated to the surface 26 according to the determined flux divergence determined in the "racetrack" stacked profiles. 27
good correspondence to Basal Emission Factor (BEF) landcover datasets used to drive BVOC 1 emission models. The surface flux of isoprene was close to zero over Central Valley crops 2 and desert shrublands, but was very high (up to 15 mg m -2 h -1 ) above oak woodlands, with 3 clear dependence of emissions on temperature and oak density. Isoprene concentrations of up 4 to 8 ppb were observed at aircraft height on the hottest days and over the dominant source 5 regions. 6 Even though the isoprene emissions from agricultural crop regions, shrublands, and 7 coniferous forests were extremely low, observations at the Walnut Grove Tower south of 8
Sacramento demonstrate that isoprene oxidation products from the high emitting regions in 9 the surrounding oak woodlands accumulate at night in the residual layer above the valley and 10 mix down into the valley in the morning. Thus, the isoprene emissions surrounding the valley 11 have relevance for the regional photochemistry that is not immediately apparent solely from 12 the direct emission flux distribution. 13 This paper reports the first regional observations of fluxes from specific sources by eddy 14 covariance from an aircraft which can finally constrain statewide isoprene emission 15 inventories used for ozone simulations by state agencies. While previously there was no 16 available means to constrain the biogenic models, our results provide a good understanding of 17 what the major sources of isoprene are in California, their magnitude, and how they are 18
distributed. 19
This dataset on isoprene fluxes will be particularly useful for evaluating potential model 20 alternatives which will be dealt with in a separate paper to assess isoprene emission models 21 and their driving variable datasets. 22 
23

Introduction 24
Isoprene is the dominant Volatile Organic Compound (VOC) playing important roles in 25 atmospheric chemistry such as fueling tropospheric ozone production, forming secondary 26 organic aerosols, and acting as important radical sinks in regions near sources. The global 27 annual source strength of gas-phase biogenic volatile organic compounds (BVOC) is around 28 1 Pg (10 15 g) (Guenther et al., 2012) . One half of these mass emissions (500 Tg) is constituted 29 by a single highly reactive hemiterpene, isoprene (2-methyl-1,3-butadiene). The other half is 30 represented by hundreds to thousands of compounds which span the atmospheric lifetime 31 ranges from a few seconds (e.g. sesquiterpenes) to months (e.g. benzene), and are actively 1 exchanged in both directions (emission and deposition) between the biosphere and 2
atmosphere (Park et al., 2013) . Currently, BVOC measurements (mostly of emission) have 3 been reported at ecosystem scales primarily from fixed tower sites which offer very good 4 temporal resolution, but lack spatial resolution across the broader landscape that is critical for 5 understanding regional photochemistry. 6 Since the discovery of substantial isoprene emissions from forested regions (Rasmussen, 7 1970 ), and subsequent progress in understanding isoprene biochemistry (Loreto and Sharkey, 8 1990 ), much research has been conducted to understand the emissions of isoprene and the 9 factors that drive them at the leaf level, including in California (Arey et Winer et al., 1992) . This work has led to BVOC emission models such as Biogenic Emission 13 Inventory System (BEIS) (Pierce et al., 1998) 
, Model of Emissions of Gases and Aerosols 14
from Nature (MEGAN) (Guenther et al., 2012) 
and Biogenic Emission Inventory Geographic 15
Information System (BEIGIS) (Scott and Benjamin, 2003 branches. The goal of the CABERNET project was to measure the distribution of isoprene 1 flux across the oak woodland areas of California in order to test and improve the landscape-2 scale emission models that are used for regional air quality assessments. The motivation for 3 conducting this regional flux study in California was driven by: 1) the need for spatially 4 resolved data on BVOC emissions from oak woodlands which have a large impact on 5 regional ozone concentrations, and 2) our lack of information on how BVOC emissions 6 respond to variations in landcover (plant functional type distributions, LAI, etc). 7
California is a region where these observations are particularly needed because of its varied 8 landscape, with BVOC emissions from biogenic areas dominated by Oaks (~7% of land 9 area), and with anthropogenic VOC emissions from the activity of ~35 million people living 10 in the state. Furthermore, the accuracy of isoprene emission estimates is important for 11 regional simulations of ozone production. 12
Airborne Eddy Covariance (AEC) is an established technique which has been used 13 extensively in the last several decades to measure fluxes (e.g. of energy, ozone, carbon 14 dioxide, etc.) directly using an aircraft (e.g. Lenschow We begin this paper (Sect. 2) by describing the methodology used and the context of the 18 CABERNET airborne campaign including the study region, climatology, flight-track 19 planning, aircraft, instrumentation, and the airborne flux methodologies. We then present 20 results and discussion (Sect. 3) of the isoprene concentration and flux measurements focused 21 on transects over areas expected to dominate BVOC emissions in California. Stacked 22 "racetrack" profiles which were used for testing the flux methodology and derivation of flux 23 divergence terms were recently described in a separate paper (Karl et al., 2013) where we 24 demonstrated that our PTR-MS configuration in CABERNET was appropriate for measuring 25 isoprene fluxes. We quantify and discuss the significance of isoprene emissions from the 26 extensive oak woodlands surrounding the California Central Valley, in which previous 27 studies considering only concentration measurements, and without an accurate understanding 28 of isoprene loss rates and regional dynamics, may have underplayed the role of isoprene for 29 photochemistry in the Valley. Based on simultaneous measurements from a tall tower south 30
of Sacramento, we demonstrate the abundance of isoprene oxidation products is significant 31 regionally even when the abundance of primary isoprene is low. Finally, we report the first 1 observed regional spatial distribution of isoprene airborne fluxes and emission factors and 2 demonstrate that they match well the emission factors from landcovers estimated using a 3 California Air Resources Board implementation of the MEGAN model. The comparison of 4 observed fluxes with emissions models will be more thoroughly explored in a separate paper 5 focused on improving landcover databases and accuracy of isoprene inventories in California 6 (Misztal et al., 2014) . 7 8 2 Methodology 9
Study region 10
Oaks are the main source of isoprene in California and they grow dominantly in certain 11 elevations (400-800 m) along the foothills encompassing the Central Valley and along the 12 Coastal Range Mountains. These specific locations, relatively constant elevations, and high 13 emission rates make oaks an ideal subject for flux observations from aircraft. Using the 14 USGS National Gap Analysis Program (GAP) landcover database, we planned our survey 15 flights (to infer surface fluxes from flux measurements over long transects at constant 16 altitude) and racetrack flights at several levels (vertical profiles to characterize flux 17 divergence) over more or less homogeneous oak woodlands consisting of the Blue Oak 18 Hardwood (MHW). These areas are represented in Figure 1b . 31 Further information specific to each research flight (RF) is summarized in Table 1 The instrument deployed in CABERNET was NCAR's high sensitivity PTR-MS (Karl et al., 11 2009 ). Its internal vacuum inlet system was specifically redesigned to enable stable operation 12 across a wide range of altitudes and to ensure internal lag-time of less than 100 ms. The 13 instrument operation and routine were kept consistently constant for each flight. Current FAA 14 regulations do not allow for the instrumentation to be running overnight, requiring specific 15 steps to achieve stable instrument operation quickly after an instrument start-up. A flight-16 optimized vacuum system and internal capillary components result in fast transfer time from 17 the inlet to the drift tube and independence of ambient pressure variations on the drift-tube 18 pressure at high altitudes. The valves between the water reservoir and the ion source reduce 19 the time to achieve ion source stability and low oxygen ion levels in the drift tube. 20
Approximately three hours before the take-off the instrument was powered up, and 21 approximately 1 hour before the take-off, if the O2 + signal went below 6% of the primary 22 ions, a secondary electron multiplier (SEM) and ion source check with optimization was 23 followed by a dynamic calibration using two VOC standards (Apel-Riemer), one high 24 concentration (available during pre-flight) containing low-fragmenting compounds for daily 25 sensitivity curves (i.e. benzene (1.11 ppm), toluene (1.07 ppm), xylenes (4.22 ppm), 26 trimethylbenzene (1.94 ppm), dichlorobenzene (2.61 ppm), and trichlorobenzene (1.14 ppm)) 27 diluted with VOC-free air and another low-concentration standard containing isoprene (10.0 28 ppb) (also available in-flight) which was also used as a back-flushing gas during the take-offs 29 and touch-downs to prevent the exhaust plumes from contaminating the inlet. Zeros were 30 measured using three different sources: Pt-catalyzed ambient air; ultra-pure compressed air 31 (Air Liquide); ambient air at the top of the saw-tooth sounding well above the PBL height. 1
The calibrated normalized sensitivities for calibrated VOCs experienced day-to-day 2 variabilities of less than 30%. The average sensitivity for isoprene was 15.1 normalized 3 counts per second per ppbv (ncps ppbv -1 ) as a sum of m/z 69 (13.4 ncps ppbv -1 ) and m/z 41 4 (2.2 ncps ppbv -1 ). The m/z 41 ion was used to assess the stability of isoprene fragmentation 5 but only m/z 69 was used in the calculation of concentrations. These high sensitivities 6 ensured low detection limits (e.g. <10 pptv for isoprene at 1-km averaging (~17 s)). The 7 primary ion count rates monitored at m/z 21 were around 2.010 7 counts per second (cps) 8 (±20%) so the absolute sensitivities were approximately 20 times higher than the normalized 9 sensitivities (i.e. ~300 cps ppbv -1 for isoprene). The sensitivities for compounds not present in 10 the standard were approximated for each day from combining sensitivity curves of the daily 11 calibrations with sensitivity curves from post-campaign calibrations using several different 12 standards at a range of humidities. The accuracy of sensitivities was estimated at ±10% for 13 direct calibration (5% standard certification + 5% from dilution) and ±30% for the approach 14 combining post-campaign calibrations. The settings, sensitivities and further methodological 15 remarks are included in Supplementary Table S1 . 16
Airborne eddy covariance (AEC) 17
The preferred micrometeorological method for measuring trace gas fluxes in the turbulent 18 boundary layer is eddy covariance (EC). This approach is a direct measurement of the 19 fluctuating vertical wind velocity and trace gas concentration. The flux is determined from 20 the mean covariance between vertical wind velocity (w) and concentration (c) fluctuations 21 and can be expressed as 22
where w' is the difference between the instantaneous and mean vertical wind speed and c' is 25 the difference between the instantaneous and mean trace gas concentration. Here we use 26 to represent the time average of the product of these two variables. The major components of 27 an EC flux system are: 1) a system that measures vertical wind speed with a fast (typically 28 <100 ms) response time; 2) an instrument that measures the targeted atmospheric constituent 29 with a fast response time; and 3) a system to receive and store the data (e.g, datalogger or 1 computer). Instruments with slower (> 100 ms) response times can be used to measure the 2 flux associated with lower frequencies but may underestimate the total flux depending on the 3 frequency of the transporting eddies. In some cases this may result in an acceptable error 4 while in other cases an attempt can be made to account for the loss of flux due to inadequate 5 sensor response (Moore, 1986; Rowe et al., 2011) . One way for estimating high frequency 6 correction involves using another scalar that is measured with a fast response sensor and then 7 estimating the reduction in flux that results if a digital filter is used to simulate response time 8 of the slower instrument. 9
EC is used extensively to measure sensible and latent heat fluxes, and has recently been used 10 for networks dedicated to quantifying carbon dioxide fluxes from various landscapes 11 (Baldocchi, 2003) . Commercial fast response instruments are available for some compounds 12 resolution. The optimal stretch for flux calculation would be a sufficiently long pass to 7 capture the optimal range of frequency distribution, but not so long that the turbulent 8 structures are affected by diurnal effects. Therefore, resolution finer than 10 km would be 9 challenging and uncertain using the FFT approach. Another challenge in this method is that it 10 is affected by non-stationarities (e.g. related to heterogeneities). However, as an independent 11 method it can be very useful for comparison with fluxes obtained from wavelet analysis (see 12
Sect. 2.6.3). The mathematic principle for the one-dimensional wavelet transform of a given signal f(t) can 20 be presented as: 21 
14
Vertical flux divergence of isoprene is expected to be primarily controlled by its relatively 15 short lifetime and was measured directly using "racetracks" at multiple altitudes (Karl et al., 16 2013 ). It was found to be similarly linear above different oak ecosystems and heterogeneity. 17 We estimated the contribution of the storage term to the isoprene flux divergence to be of the 18 order of 2-5%, relatively small compared to the storage term in the temperature budget. 19 Here we use scaling developed for the mixed layer according to: 5
6 where dx0.5 is the half width of the horizontal footprint, u the horizontal windspeed, zm the 7 height above ground, h the PBL height and w * the convective velocity scale which is derived 8 from the wavelet heat flux in each transect. 9
The source contribution area can be approximated by projecting an upwind-pointed half 10 dome with the dx0.5 parameter representing a radius of that half dome (see Supplementary 11 Fig . S5) . 12
2.7
Error analysis (quality of fluxes) 13 As with eddy covariance on the ground, AEC fluxes must undergo a rigorous quality 14 assessment, if not more so. The total uncertainty in reported airborne flux for a typical flight 15 segment (> 20 km) is the summation of errors from calculation of concentrations (10% for 16 calibrated compounds [5% standard accuracy+5% dilution system], 30% from relative lab-17 based sensitivity-relative transmission approach), survey-flight-specific random (15% for the 18 typical leg), systematic (1%) errors related to relative altitude within the PBL and to the 19 aircraft leg, random error related to disjunct measurement (less than 1%), error due to storage 20 term (2%) and error due to variability in flux divergence coefficients (~2%, explained further 21 below). For reactive tracers which require divergence corrections to yield the surface flux, 22 uncertainty in PBL estimation (interpolated from saw-tooth soundings) is +/-100 m which 23 translates to 10% of up to 30% of the divergence correction, thus ~3%. We estimate the total 24 accuracy for the reported surface fluxes averaged for long segments (e.g. 100 km) to be 30% 25 for calibrated compounds and 50% for other compounds and a typical isoprene flux detection 26 limit of 0.01 mg m -2 h -1 . 27
The vertical flux divergence is dependent on the rate of isoprene oxidation (which depends 1 mostly on OH concentration during daytime), the time rate of change of isoprene 2 concentration (relevant also for conserved species), and differential horizontal advection of oak terrain and an OH concentration of 6.6 ×10 6 molec/cm 3 ). Since the flux divergence for 7 isoprene was shown to be primarily controlled by OH concentrations (of which we have a 8 range of estimates), we make an informed assumption here that the divergence coefficients 9 we used to scale the fluxes to the surface are accurate within a factor of two for the entire 10 campaign. Thus a change in the flux divergence coefficients by a factor of two could result in 11 only a ~2% difference to the scaled surface flux for a typical z/zi ratio of 0.3 which is minor 12 relative to other error sources as discussed above. As the correction of the fluxes for flux 13 divergence was typically less than 20%, the contribution from less accurate divergence 14 coefficients is assumed to be relatively minor (up to ~2%) for isoprene. 15
The uncertainty of the instantaneous CWT fluxes aggregated to 2-km is dominated by the 16 random error which must be necessarily larger than that for the average flux for the whole leg 17 and is related to high temporal and spatial variability (e.g. Mann and Lenschow, 1994) . confidence to the results. Occasionally, a ratio higher than 1.15 was seen on short segments, 26 or over a nonhomogeneous transect, or when the fluxes were close to zero. In sporadic cases 27 when the fluxes were strongly non-stationary (characterized by the ratio higher than 1.3), the 28 FFT flux was tagged as rejected and the CWT flux was only accepted if all the other quality 29 criteria were fulfilled. 30
The generally good quality of fluxes in CABERNET was due to a combination of factors 1 such as instrument sensitivities, response times, slow aircraft speeds and proximity to the 2 source by flying at low altitudes (e.g. 400 m) and finally lack of spectral interferences (e.g. 
Observed concentrations of isoprene from PTR-MS 20
The spatial distributions of isoprene concentrations measured on all research flights are 21 shown in Figure 5 . California which suggested oaks (mostly blue oaks), and to some degree eucalyptus trees, to 4 be likely the most important isoprene emitters in California (e.g. Karlik and Winer, 2001 ). 5
The broad range of temperatures encountered in different flights (mean range 21 -33 ºC) was 6 responsible for quantitative differences in concentrations over the overlapping segments. The 7 actual concentration at the surface can be significantly higher than observed at aircraft height, 8
as is shown to be the case when flying near the tall tower at Walnut Grove where the top 9 levels (394 and 525 m) saw very tiny concentration of isoprene consistent with the 10 concentrations seen by aircraft although the lowest tower levels (10 and 131 m) saw much 11
higher concentrations ( Figure 6 ). However, the areas with significant biogenic emissions of 12 isoprene covered a relatively small fetch within the footprint of the Walnut Grove tower. 
Observed fluxes of isoprene from PTR-MS 21
In this paper we focus on reporting isoprene surface fluxes. 22
The observed surface emission rates of isoprene over oak woodlands ranged from around 1 to Valley. Isoprene produced by the oaks surrounding the Central Valley gets oxidized during 1 the daytime and its oxidation products such as MVK and MACR can be transported and then 2 may be important for photochemistry when reacting in the presence of anthropogenic 3 pollutants such as NOx leading to regional ozone and SOA formation. Figure 6 demonstrates 4 the case within the Central Valley where local vegetation is patchy and sparse so isoprene 5 concentration is very low at the aircraft altitude during midday, even though isoprene is 6 observed to be much more abundant near the surface, and in the later afternoon. When the 7 aircraft was passing the tower both the tower's top two inlet levels and the aircraft observed 8 very low but non-zero concentrations of isoprene and MVK+MAC. However, the tower data 9 demonstrate that oxidation products of isoprene routinely accumulate at night in the residual 10 layer due to transport from the surrounding foothills where emissions are high. These high 11 concentrations of isoprene oxidation products above the inversion layer are vented down in 12 the morning when enough surface heating has occurred to cause vertical convection ( There are some areas which do not agree well, for example, in the north-east over the Sierras 23 which are dominated by conifers where airborne BEFs were somewhat lower. On the other 24 hand, the areas where aircraft showed higher BEFs (e.g. beginning of RF8) are most likely 25 related to inaccuracies in the oak landcover database. For the first time it is now possible to 26 constrain the emission estimates generated by models using direct airborne observations on 27 scales relevant for these models, and to examine how best to improve modeling approaches 28 including more accurate driving variables and landcover. 29 The temperature ranges in California cause changes in the isoprene emissions from relatively 20 low to extremely high due to their strong temperature sensitivity and our flights were 21 performed in early summer season before the highest emissions are expected. The ability of 22 CWT for calculating fluxes at high spatial resolution provides an optimal data set to compare 23
BEFs independent of environmental conditions from measurements with models. The data 24 from this study will be used to assess isoprene emission-factor databases and isoprene 25 emission response to landcover characteristics predicted for BVOC emission models. The 26 ability to measure direct airborne fluxes over heterogeneous landscapes was needed to 27 improve landcover descriptions in biogenic emission models. This dataset on isoprene fluxes 28 will be particularly useful for evaluating potential model alternatives which will be dealt with 29 in a separate paper to assess isoprene emission models and their driving variable datasets. 30 
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